ABSTRACT
INTRODUCTION
Interacting protein pairs should co-evolve as mutations in one protein should be compensated by mutations on the other to maintain functional complementarity. Consequently, such an interacting pair of protein families shows similarity between * To whom correspondence should be addressed. their phylogenetic trees, as shown in various receptor-ligand pairs (Fryxell, 1996; Moyle et al., 1994; van Kesteren et al., 1996; Yi et al., 2002 ). Valencia's and Cohen's groups have developed quantitative methods to measure the correlated divergence of interacting residues or proteins. They have shown higher correlation between residues in close proximity (Pazos and Valencia, 2001 ) and between interacting proteins (Goh et al., 2000) . The co-evolution analysis has been further extended to more ligand-receptor families (Goh and Cohen, 2002 ) and a set of proteins including 21 known interactions (Pazos and Valencia, 2001) .
Previously, we proposed the first global mapping of protein structural family interactions called protein structural interactome map (PSIMAP) Park and Bolser, 2001; ) (http://psimap.org/). PSIMAP is constructed by extracting all the structural domain-domain interactions from PDB (Berman et al., 2000) . Originally, PSIMAP used SCOP (Murzin et al., 1995) Superfamily level classification, which results in 1232 distinct interactions between protein families. However, sequence homology is not always evident within each SCOP Superfamily. Therefore, we used interacting domain pairs grouped by SCOP Family level definition in our co-evolution analysis.
Various computational methods for predicting protein interactions have been developed using a genome sequence or comparative genomic approach (Dandekar et al., 1998; Enright et al., 1999; Huynen et al., 2000; Marcotte et al., 1999; Pellegrini et al., 1999) . However, the coverage of these methods was reported to be limited, ranging from 6 to 37% according to the assessment (Huynen et al., 2000) with the genome of Mycoplasma genitalium. The target of these methods may be functional interaction in a broad sense rather than physical interaction. Homology-based prediction ideas and methods (Bock and Gough, 2001; Kim et al., 2002; Sprinzak and Margalit, 2001; Wojcik and Schachter, 2001) show promising prospects as experimental techniques such as yeast two hybrid system (Ito et al., 2000; Rain et al., 2001; Uetz et al., 2000) and co-precipitation/mass spectrometry (Gavin et al., 2002; Ho et al., 2002) enabled high throughput assay of protein-protein interactions. However, one common problem of homology-based approaches has been that these methods cannot discriminate the true interactions when there are multiple interlogues-inferred interactions homologous to a known pair of interacting proteins. One aim of this work was to extend the co-evolution study to the whole protein interactome and show its generality to all the known protein structural families. The other aim was to apply co-evolution analysis to improve the accuracy in the prediction of protein-protein interactions. Here, the coevolution of more than 900 family-family pairs is analyzed using the interactions defined at SCOP domain level (SCOP happens to be the system used here, and other domain classification systems can also be used). First, we show that there exists a strong tendency of co-evolution between interacting domain pairs of known protein structure. Second, we estimate the prediction accuracy in the identification of true interlogues when the co-evolution analysis is applied to the domain pairs in PSIMAP.
METHODS

Data
PSIMAP was constructed by systematic extraction of all the protein domain contacts in the PDB as described previously . The latest version of PSIMAP contained 37 387 interacting domain pairs with five or more contacts within 5 Å (5-5 rule). These domain pairs were grouped into 2171 protein family-family pairs using the SCOP family definition. Each family-family pair was made non-redundant by merging pairs of identical sequences into a single domain pair. Among the 2171 SCOP family pairs, correlation analysis was applicable to the 918 family pairs that contain at least three distinct domain pairs. These 918 pairs contained 10 602 true interacting domain pairs. An interlogue was defined as a pair of domains where each domain belongs to one family of the interacting family pair in PSIMAP. In total, 600 953 interlogues were derived from all the possible domain pairs. Interlogues other than true interacting domain pairs were considered as putative non-true interlogues, although some pairs may interact in reality. A filtered set of 454 family pairs was generated for more statistically valid analysis. The filtered family pairs had six or more distinct pairs of domains that belong to SCOP class 1-5. In the filtered set, we derived 580 857 interlogues including 8126 truly interacting pairs.
All the interactions were classified into four groups, depending on inter-molecular/intra-molecular interaction 'type' and homo/hetero-interaction 'mode'. Interaction type 'intra-' was assigned to the domain pairs from the same molecule and 'inter-' to the pairs from different molecules. The interaction mode classifies interactions into 'homo-' and 'hetero-' depending on whether the interacting domain pair came from the same family or from different families.
Distance matrices
A pair of distance matrices was generated for each family pair with N distinct interacting domain pairs (N ≥ 3). ClustalW (Thompson et al., 1994 ) generated the multiple alignments of the domain sequences in the same SCOP family. The pairwise distances are calculated using BLOSUM62 (Henikoff and Henikoff, 1992 ) with a gap opening penalty of −10 and extension penalty of −1. End gaps were not penalized as domain boundaries have not been optimally defined yet. Each pair-wise distance (d ij ) was calculated for all the N(N − 1)/2 possible domain pairs as
where S ij , S ii and S jj are the pair-wise alignment scores of domain pair (i, j), (i, i) and (j , j), respectively. These distance matrices were used to measure the correlation (familyfamily co-evolution coefficient, C fam ) between two protein families. In order to calculate the correlation of each interlogue (domain-domain correlation coefficient, C dom ), a distance vector of length N was generated for each domain (p) by measuring the distance (d pj ) between the domain (p) and all the other (j ) domains in the family.
Correlation analysis
The similarity of phylogenetic distances between the sequences of two interacting protein families was measured as a co-evolution coefficient by calculating Pearson's correlation coefficient between two distance matrices.
where A i and B i are the corresponding elements of the distance matrices from the pair of interacting protein families and n is the number of elements in each matrix. A avg and B avg are the average values of A i and B i , respectively. If all the distances are identical in any of the matrices, the calculation of correlation coefficient was impossible because the denominator becomes zero. Such family pairs were excluded from the co-evolution analysis. The family-family co-evolution coefficient (C fam ) was calculated from the pair of distance matrix (n = N(N − 1)/2). To estimate statistical significance, the domain pairings in each family pair were randomly shuffled 1000 times and the average (R avg ) and the standard deviation (R std ) of the 1000 C fam were calculated. The Z-value of the correlation coefficient is
A Z-value more than 2.32 (99% confidence) is considered as significant. The domain-domain co-evolution coefficient (C dom ) of each interlogue was calculated from the pair of distance vectors (d pj , n = N) in the same way as C fam . These vectors have N elements and do not contain a self-self distance of zero as N + 1th element. As a result, the absolute value of C dom tends to be slightly lower than the original method using vectors of N + 1 elements (Goh and Cohen, 2002) . The percentile rank was computed for all the interlogues derived from each family pair.
In the estimation of prediction accuracy, sensitivity (SN) and specificity (SP) are measured as
where TP = true positives, TN = true negatives, FP = false positives and FN = false negatives.
RESULTS
In the recent version of PSIMAP, there are 37 380 interacting domain pairs grouped into 2171 SCOP Family-Family interactions. The number of domain pairs in an interacting family pair showed a power-law distribution (Fig. 1A) . Co-evolution analysis was applicable to 918 family pairs containing at least three distinct domain pairs (the minimum needed for the calculation of the correlation coefficient, see section Methods). For more statistically robust analysis, we made a filtered set of 454 family pairs consisting of at least six distinct domain pairs in SCOP classes 1-5. We did not include orthologues from various species as in the previous analysis (Goh and Cohen, 2002; Pazos and Valencia, 2001 ) because it was difficult to determine the right pair of interlogues when there are multiple homologous sequences. All the interactions were classified into four groups: (1) homo-intra, (2) hetero-intra, (3) homo-inter and (4) hetero-inter interactions (see section Methods for details).
It is important to note that there are two different levels of co-evolution measurement. First, we measured the general tendency of co-evolution at the protein family level (family-family co-evolution coefficient, C fam ). Second, the co-evolution of an individual domain pair (domain-domain co-evolution coefficient, C dom ) was estimated for each 'interlogue', where an interlogue is defined as a domain pair where each domain belongs to one side of the interacting family pair in PSIMAP. In total, 600 953 domain pairs were derived as interlogues from the total of 918 family pairs. 
Co-evolution between protein families
The average family-family co-evolution coefficient (C fam ) was 0.61 ± 0.55 for the total of 918 family pairs. However, the average C fam obtained from randomly paired sets was virtually zero, ranging from −0.06 to 0.06. The tendency of co-evolution is more obvious in the filtered set of 454 family pairs having C fam of 0.73 ± 0.42. This value is close to the upper bound of the previously reported results, ranging from 0.44 to 0.79 (Goh et al., 2000; Pazos and Valencia, 2001) , even though PSIMAP contains highly diverse protein family interactions in addition to receptor-ligand type interactions. The summarized result of the co-evolution analysis is shown in Table 1 . In spite of the overall tendency of co-evolution, the variance of C fam was fairly high between family pairs, especially for the family pairs with small N , the number of distinct interacting domain pairs in a family pair. The plot of the average C fam against N shows a tendency of increasing correlation up to 
N ).
e The average family-family co-evolution coefficient ± standard deviation. f The minimum and maximum range of the average co-evolution coefficients generated from the 1000 randomly paired sets for each family pair (see section Methods). g Filtered set of interacting protein family pairs consisting of SCOP classes 1-5 and 6 or more interacting domain pairs (see section Methods). N = 6 (Fig. 1B) , reaching a plateau after N > 6. N = 6 or less may not be sufficient for statistically valid analysis, although the distribution of C fam does show a strong bias to positive correlation even for N = 3. In this regard, we filtered out family pairs with N = 5 or less and families outside SCOP classes 1-5 (which are inappropriate classifications for this study) to make a more reliable yet reasonably large set of interacting pairs. The plot of C fam against N shows several characteristics ( Fig. 2A) . First, C fam generally tends to be concentrated in the region of positive correlation in spite of the apparent high variation. Second, the variation is higher with family pairs of smaller N. The pairs with small N may be more vulnerable to the influence of exceptional outliers, resulting in higher variation of C fam . Finally, the distribution of C fam is skewed toward higher correlation. Among the total of 918 pairs, 570 pairs (62.1%) showed a C fam of 0.8 or more. The number of pairs with at negative C fam was 189 (20.6%), and these appeared mostly in the region of small N . The intensity of co-evolution increased in the filtered set of 454 pairs, having 68.1% (309 pairs) with a C fam of 0.8 or more and only 12.3% (56 pairs) with a negative C fam . All the pairs with N > 20 (86 pairs) in the filtered set had positive correlation except for one family pair (b.1.1.4 and b.42.1.1, C fam = −0.03).
The statistical significance of co-evolution was measured using the mean and the standard deviation of C fam from 1000 random pairings within each family pair. Z-values more than 2.32 (99% confidence) were considered significant correlation. The ratio of the significant correlation was 78.2% (355 pairs) among the filtered 454 pairs, whereas it was 45.1% (414 pairs) in the total of 918 pairs. The portion of significant C fam increased to 88.5% (185 pairs) in a filtered subset with more members (N > 10, 209 pairs). These results imply that the lower ratio of significant correlation in the total set results mainly from the insufficient number of interacting domain pairs for valid statistical analysis rather than any significant factor that invalidates the overall tendency of co-evolution.
Co-evolution of different interaction classes
The interactions in PSIMAP are divided into four classes of homo-intra, hetero-intra, homo-inter and hetero-inter as in our previous paper . Interaction 'type' classifies interactions into intra-and inter-molecular groups and the 'mode' into homo-and hetero-interactions, depending on whether the interacting domain pair came from the same family or from different families (Table 1) . On average, three groups of homo-intra, hetero-intra and homo-inter showed a relatively higher average correlation of 0.7-0.75. However, the hetero-inter group had a moderate correlation of 0.40, which is still significantly higher than the average C fam (−0.06-0.06) from the randomly paired sets. This trend was the same in the filtered set. The correlation was 0.44 in the hetero-inter group and 0.77-0.88 for the other three groups. However, when we compared the common 33 family pairs found in both hetero-intra and hetero-inter groups, the difference of the average C fam decreased significantly (Table 1 ). In the common 33 family pairs, the average C fam was 0.84 for the hetero-intra group and 0.75 for the hetero-inter group.
Common family-family pairs between hetero-intra and hetero-inter groups
The 33 common family pairs between hetero-intra and heterointer groups represent cases of domain fusion events or complexes of multi-domain peptides (Fig. 3) . The C fam values for both groups are listed in Table 2 . Most pairs showed strong correlation in both hetero-intra and hetero-inter groups. Among the 33 pairs, the number of family pairs with C fam > 0.8 was 27 (82%) and 24 (73%) in hetero-intra and hetero-inter groups, respectively. Two family pairs had negative correlation in both groups. One is the carbohydrate-binding domain (b.72.2.1) and type2 chitinase-domain (c.1.8.5) pair, and the other is the FMN-linked oxidoreductases (c.1.4.1) and ferredoxin-domain (d.58.1.5) pair. In both cases, the sequences within each family were nearly identical. In such a case, the correlation analysis is inappropriate because the sequence diversity between family members is too limited to provide meaningful information about co-evolution.
Three other family pairs showed good correlation in the hetero-intra group (C fam > 0.99) but did not in the heterointer group (−0.09 > C fam > −0.28). One such family .1) pair. These three family pairs were found to interact using different interface residues in intraand inter-molecular interactions. The difference in interface between intra-and inter-molecular interactions is schematically illustrated in Figure 3B . In all the three family pairs, few interface residues overlapped between the different types of interaction, and the portion of interface residues in the heterointra group was 3.3-17.4 times higher than in the hetero-inter group. Therefore, the domain pairs from the two interaction types should have been under different kinds of evolutionary pressure. The co-evolution coefficient calculated from the whole domain sequences may not clearly reflect the tendency of co-evolution if the correlation is mainly limited to the small patches of interface. In Figure 4 , the interface residues are compared between different interaction types of the methylcoenzyme M reductase α and β C-terminal (a.89.1.1) and N-terminal domain family (d.58.31.2) pair.
Correlation analysis of interlogues
The correlations (C dom ) of all the 600 953 potential interlogues were examined including 10 602 true interacting pairs. The domain pairs other than true interacting ones were considered 'putative non-true' interlogues. The distribution of the average C dom and the average percentile showed a clear distinction between the true and the putative non-true interlogues ( Fig. 5A and B) . The difference was evident even in the range of relatively low C dom (0.2-0.5). The average percentile was 84.1 ± 16.9% for the true interacting pairs, while it was 49.6 ± 28.7% for the putative non-true pairs. In the filtered set, the average percentile increased slightly to 84.5 ± 16.7% (Table 3) . In comparison with the four different groups, the average C dom showed the same trend as C fam , hetero-intra > homo-intra > homointer > hetero-inter (Table 3 ). The average percentile was the highest (87%) in the homo-intra group and in the order of homo-intra > homo-inter > hetero-intra > hetero-inter ( Table 3 ). In brief, the filtered set had slightly increased correlation in terms of both the average percentile and C dom , showing the same order between groups. These results support the statement that the intra-molecular type has stronger co-evolution than the inter-molecular type in terms of both average C dom and percentile rank. Regarding the influence of interaction mode, the homo-inter group showed much stronger co-evolution than the hetero-inter group. However, the comparison between homo-intra and hetero-intra groups was not certain and complicated because of the contradictory results between C dom and percentile. 5 . The distribution of the average co-evolution coefficient (C dom ) and the average percentile is plotted for each interacting family pair. The true interacting domain pair (A) has a distribution concentrated in the upper-right corner, while putative non-true interacting domain pairs (B) are plotted mostly in the center region. The prediction SN and SP were plotted using both percentile and C dom as cut-off (C).
The distribution of C dom demonstrated promising potential for prediction of true interacting pairs among multiple interlogues. The prediction accuracy was measured in terms of the SN as the ratio of positively predicted pairs among all the true interacting pairs and the SP as the ratio of negatively predicted pairs among the putative non-true interacting pairs. The SN was 61.0% and the SP was 80.1% applying the cutoff of C dom > 0.8 as suggested by both Valencia's (Pazos and Valencia, 2001 ) and Cohen's (Goh and Cohen, 2002) groups. Using the cut-off of percentile >80%, a SN of 70.1% and a SP of 81.1% were obtained. As shown in Figure 5C , the cut-off by percentile had higher SP in the middle range of SN (50-90%), while the cut-off by C dom show better SP in the higher region of SN (>90%). By setting the combined cut-off using percentile >80% or C dom > 0.9, the prediction accuracy improved up to a SN of 79.2% and a SP of 78.6%. The result meant nearly 5-fold enrichment of true interactions within PSIMAP. The SN and the SP of the four groups were in the range 70.0-87.7% and 78.1-79.3%, respectively, using both types of cut-off (Fig. 6 ). The prediction accuracy was the highest in the homo-intra group and the lowest in the hetero-inter group, as shown in Table 3 .
DISCUSSION
We first confirmed that correlated evolution is observed extensively throughout the interacting pairs of structural families in PDB, indicating that the observation is a general property of protein evolution. The overall average correlation was 0.73 for a relatively reliable set of 454 family pairs, of which 78% showed significant correlation at 99% confidence. In total, 918 family pairs have been investigated and the correlation was 0.61 on average. Although the statistical validity was weak for the family pairs with small N (the number of member domain pairs), the distribution of C fam was highly skewed toward positive correlation. We can reasonably expect that most of such family pairs will show significant correlated evolution if more interacting pairs are added from other sources.
Despite the overall tendency of co-evolution, the correlation of each family pair was highly diverse. Some family pairs did not show any correlation or even negative correlation. Nevertheless, the proportion of such pairs decreased as the number of domain pairs increased. For the 86 family pairs with N > 20, only one of them had negative correlation.
In the analysis of interlogues, the variance of the average C dom was higher than that of the percentile rank. Accordingly, the prediction accuracy improved by more than 9% by using percentile rank rather than C dom as the cut-off at the same SP. The accuracy further improved by combining both types of cut-off, yielding 79.2% SN and 78.6% SP. We suggest the combined use of correlation >0.9 or percentile >80% as reasonable criteria for the prediction of true interlogues.
The average correlation (C dom ) and the average percentile of true interlogues were in the range of 0.77-0.87 and 84-87%, respectively, among homo-intra, hetero-intra and homo-inter groups. However, the hetero-inter group showed distinctively lower correlation. The lower correlation could be caused partially by the insufficient diversity of sequences within a protein family. One explanation is that inter-molecular interaction has been under less evolutionary pressure of co-evolution than intra-molecular interaction, as suggested by Valencia's group (Pazos and Valencia, 2001 ). This hypothesis is consistent with the results of the four groups (Table 2) . However, the significant difference of C fam between homo-inter and heterointer groups is not consistent with this explanation alone. Another possibility is the inclusion of crystal packing artifacts that could occur preferentially in the hetero-inter group. Such crystal packing artifacts can exist only in inter-molecular interactions. If such artifacts are mixed with the true interaction data, the overall correlation should decrease at both the family level (C fam ) and the domain level (C dom and the percentile rank). In addition, such artifacts will increase the variance at both levels. Indeed, the hetero-inter group showed the highest standard deviation in spite of the lowest average values of both co-evolution coefficient (C fam , C dom ) and percentile (Table 3 ). The homo-inter group showed the second highest variance. The analysis of the common 33 family pairs between hetero-intra and hetero-inter groups also supports the influence of crystal artifacts because the average correlation increased drastically in spite of the reduced standard deviation. As no method is available to discriminate such artifacts systematically, a thorough examination of each family pair will be needed for a clear understanding.
There are other factors that influence the validity of correlation and thus need further investigation. The accuracy of multiple alignments is a critical factor in calculating phylogenetic distances. Although we used sequences within each SCOP Family, algorithms like ClustalW may not exactly align evolutionarily equivalent residues, particularly for remote homologues. Also, the choice of substitution matrix may affect the outcome of phylogenetic trees and predictions based on them.
Another problem is the limited information content due to the lack of sufficient diversity in some protein families. The following two pairs were the cases of such low diversity: the FMN-linked oxidoreductases (c.1.4.1) and ferredoxindomain family pair (d.58.1.5), and the carbohydrate-binding domain (b.72.2.1) and type II chitinase family (c.1.8.5) pair. These families consist of essentially identical sequences except for a few residues mostly located in the N-or C-terminal region. Therefore, co-evolution coefficients were mostly determined by terminal sequence variation or domain boundary definition, which are considered less critical to interaction specificity. We suspect that residues irrelevant to co-evolution can obscure the correlation. Only the interacting interface residues may provide reliable information on correlated mutation. It was consistent with the cases of the three family pairs in which the interactions with a larger interface area showed a higher coevolution coefficient. Various studies of the interaction interface suggest that the interfaces have unique evolutionary traits and constraints with highly diverse sizes (Jones and Thornton, 1997; Lo Conte et al., 1999; Teichmann, 2002; Valdar and Thornton, 2001 ). More importantly, multiple types of interface are found to exist with the same family-family pair. In this case, the phylogenetic tree will contain heterogeneous information, resulting in bad co-evolution coefficient. Figure 4A and B show a pair of families interacting with completely different orientations (intra-molecular). However, each family of the pair belongs to the same SCOP Family classification. It means that different ways of interaction have evolved within the same family pair. Figure 4B shows an alignment with large deletions in methyl-coenzyme M reductase α and β chain N-terminal domain (d.58.31.2: colored magenta). The deletions allowed the C-terminal domain (a.89.1.1: colored cyan) to fit between the two arms of the N-terminal domain (Fig. 4B) . As the two interfaces consisted of quite different residues, the interaction pairs may have co-evolved differently. This will reduce the sensitivity of the co-evolution analysis method applied in this report. We name this property 'multiple interface evolution'. Similar observations were made for Figure 4C -F. However, these pairs are all intermolecular interactions. Therefore, it is less certain if the different topologies of the interactions within the same family pair are due to different interface evolution or crystal packing artifacts.
The general similarity of mirrored phylogenetic trees inherently represents underlying biochemical and biophysical constraints to maintain interaction networks. This is an obvious observation if the genes do not evolve individually but as clusters of networks within a tight global molecular interaction network in and outside of a species boundary (network evolution: Park and Bolser, 2001 ). As we suggested in the previous work, we have shown that co-evolution analysis can be a useful tool for identifying specific interaction partners within known pairs of interacting families. This analysis of an extensive and reliable benchmark set (PSIMAP) provided a foundation for broader and more precise predictions of the homologous interactions. The estimated prediction accuracy showed a potential of up to nearly 5-fold enrichment of true interactions.
